ABSTRACT. The interaction between polygalacturonase-inhibiting proteins (PGIPs), produced by plants, and endopolygalacturonases (PGs), produced by fungi, limits the destructive potential of PGs and can trigger plant defense responses. This study aimed to i) investigate variation in the expression of different common bean (Phaseolus vulgaris L.) genotypes and its relationship with resistance to white mold (Sclerotinia sclerotiorum); ii) determine the expression levels of PvPGIP genes at different time points after inoculation with white mold; and iii) investigate differences in PvPGIP gene expression between two white mold isolates with different levels of aggressiveness. Four bean lines were analyzed, including two lines from a recurrent selection for white mold (50/5 and 84/6), one resistant line that was not adapted to Brazilian conditions (Cornell 605), and one susceptible line (Corujinha). Gene expression was investigated at 0, 1, 2, 3, and 5 days after inoculation. The isolate UFLA 03 caused no significant difference in the relative expression of any gene examined, and was inefficient in discriminating among the genotypes. For the isolate UFLA 116, all of the genes were differentially expressed, as they were associated with resistance to white mold, and the expressions increased until the third day after inoculation. The 50/5 line was not significantly different from the Corujinha line for all of the genes analyzed. However, this line had a resistance level that was similar to that of Cornell 605, according to the straw test. Therefore, the incorporation of PvPGIP genes can increase the resistance of lines derived from recurrent selection.
INTRODUCTION
The common bean (Phaseolus vulgaris L.) is significantly affected by pathogens that can cause a considerable loss in yield, and should therefore not be planted in certain regions and at particular periods of the year. White mold (Sclerotinia sclerotiorum (Lib.) De Bary) is one of the most important diseases that limit high bean yield.
Under favorable conditions, white mold can cause losses of up to 100% in the production of bean cultivars susceptible to the fungus. White mold occurs in South and North American countries, mainly the United States, Canada, Argentina, and Brazil (Schwartz and Singh, 2013) . Currently, it is the most destructive disease in irrigated areas of Brazil, particularly in crops planted in the fall, winter, or spring because the temperatures are lower, consequently increasing the growth and spread of the fungus.
The integrated use of strategies to stop the advance of white mold in bean crops must combine various techniques, such as the use of fungicides, low plant density, the reduced use of irrigation and fertilizers, and the use of erect cultivars with an open canopy. These measures are useful in controlling the disease, but can also cause a reduction in yield and increase production costs, so the use of cultivars with partial resistance to the fungus, good cultivation practices and the use of fungicides have been considered the most suitable for controlling and reducing the impact of the disease (Schwartz and Singh, 2013) .
The strategy of using resistant cultivars is difficult to implement, mainly due to a lack of sources of resistance, partial resistance has moderate to low heritability, inaccuracy in the assessment of the disease, and the difficulty of introgressing quantitative trait loci (QTL) into adapted cultivars (Miklas, 2007) . Most known sources of resistance to white mold are of Andean origin, or from a secondary gene pool, such as P. coccineus L. (Singh et al., 2009) . It is important to identify sources of resistance in the Mesoamerican gene pool that are adapted to crop conditions in Brazilian soils and are commercially acceptable.
Because high resistance is only found in non-adapted sources and adapted lines have relatively low resistance levels, the transfer of resistance QTLs is of great importance. Given the complexity of the trait, the most efficient method of obtaining resistant and adapted plants is through recurrent selection, as it allows the use of various sources of resistance as parents and allows the gradual transfer of favorable alleles to their progeny over successive selection cycles.
Resistance to white mold involves mechanisms that are related to physiological resistance and escape. Among the genes that are involved in physiological resistance, specific ones have a large effect and general ones minimize the damage caused by the pathogen, and/or impede the pathogen's progress in plant tissues (Leite et al., 2014) . The latter include a gene family that synthesizes polygalacturonase-inhibiting proteins (PGIPs).
White mold produces a large number of molecules during the infection and colonization of plant tissues to overcome barriers such as cell walls. Among these molecules, enzymes that degrade the cell wall (cell wall-degrading enzymes, CWDEs) represent an important pathogenicity factor, and endopolygalacturonases (PGs) are one of the first CWDEs released during the infection process (Kalunke et al., 2011) . Host plants produce PGIPs that recognize PGs, and prevent enzymatic action during invasion and the release of nutrients required for the growth of the pathogen (D'Ovidio et al., 2004a) . Besides the inhibition of PGs, the interaction between PGs and PGIPs promotes the formation of oligogalacturonides, which are elicitors of a variety of defense responses (Cervone et al., 1989; Ridley et al., 2001; Ferrari et al., 2013) .
PGIPs are cell wall glycoproteins that belong to the extracytoplasmic LRR (leucinerich repeat proteins) superfamily (Jones and Jones, 1997) . Genes that encode these proteins have been characterized in both monocotyledons and dicotyledons. Genomic analyses have shown that PGIP genes may exist as a single gene, for example in diploid wheat species (Di Giovanni et al., 2008) , or are organized into gene families whose members are tandemarranged and may vary from two, as in Arabidopsis thaliana (Ferrari et al., 2003) , to 16, as in Brassica napus (Hegedus et al., 2008) . The overexpression of PGIP genes in transgenic plants such as wheat, tomato, tobacco, and A. thaliana limits fungal colonization (Powell et al., 2000; Ferrari et al., 2003; Manfredini et al., 2005; Janni et al., 2008) .
In beans, this gene family consists of four genes in a cluster (PvPGIP1, PvPGIP2, PvPGIP3, and PvPGIP4) that covers a 50-kb region in linkage group Pv02, which have a nucleotide sequence similarity greater than 80%. In the soybean (Glycine max), GmPGIP3, which is the most highly expressed gene of this family in the species, is phylogenetically grouped with PvPGIP1 and PvPGIP2, suggesting that the duplication that originated the ancestors of PvPGIP1/PvPGIP2 and PvPGIP3/PvPGIP4 occurred before the separation of Glycine and Phaseolus (Kalunke et al., 2014) . Among these genes, PvPGIP2 is the most efficient in inhibiting the largest number of fungal PGs (Manfredini et al., 2005; D'Ovidio et al., 2004b D'Ovidio et al., , 2006 . In addition, the highly conserved nature of the nucleotide sequence of this gene in various lines and species of Phaseolus indicates high adaptive significance (Farina et al., 2009) .
Because of the important role that the PGIP gene family plays in limiting fungal colonization in plant tissues, and the consequent positive impact on bean yield and quality, the goals of this study were: i) to investigate variation in the expression of different Andeanand Mesoamerican-source genotypes and its relationship with white mold resistance; ii) to determine the expression levels of PvPGIP genes at different days after inoculation with white mold; and iii) to investigate differences in PvPGIP gene expression between two white mold isolates with different levels of aggressiveness.
MATERIAL AND METHODS
Four bean lines were used, including two resistant lines derived from a recurrent selection for white mold with a Carioca grain type of Mesoamerican origin and adapted to growing conditions in southeastern Brazil (Leite et al., 2016) , one non-adapted source of resistance (Cornell 605; Griffiths, 2009) , and one susceptible to white mold as a control (Corujinha; Silva et al., 2014) .
Two S. sclerotiorum isolates were used: UFLA 116, a highly aggressive isolate from Ijaci County, Minas Gerais, Brazil, and UFLA 03, a less aggressive isolate from Lambari, Minas Gerais, Brazil (Leite et al., 2016) . Both isolates were obtained from the mycology collection of the Laboratory of Plant Disease Resistance, Biology Department, Federal University of Lavras, Brazil.
The sclerotia were superficially disinfected by consecutive immersion in 70% ethanol for 1 min and 20% sodium hypochlorite for 3 min, and washed three times in demineralized and sterile water. Subsequently, the fungus was grown on Petri dishes containing potato dextrose agar (PDA). Chloramphenicol was added to the PDA medium (100 µL chloramphenicol to 100 mL medium) and maintained in growth B.O.D (Biological Oxygen Demand)-type chamber at 22°C for 3 days. The inoculum was grown again to obtain greater uniformity under the same conditions. Petri dishes that were completely covered with mycelium were used for the preparation of 200-µL micropipette tips for subsequent inoculation.
The experiment was conducted with a completely randomized design with three replications. Seeds of each line were sown in pots containing 3.5 L sterile substrate, kept in a greenhouse, and regularly watered and fertilized according to the recommendations for the crop. Inoculation of the fungus was performed using the straw test method described by Terán et al. (2006) 30 days after seedling emergence. Two stems per plant were inoculated.
Samples were collected 24, 48, 72, and 120 h after inoculation (1, 2, 3, and 5 days after inoculation, DAI) by cutting the stem 2.5 cm from the inoculation point, and collected tissues contained both infected and healthy regions. Agar discs without mycelium were inserted in the control plants (0 DAI), and samples were collected 24 h later. Samples were placed in 2.0-mL microcentrifuge tubes, immersed in liquid nitrogen, and stored in a freezer at -80°C until RNA extraction. Mean values of disease severity (Terán et al., 2006) for each time point and isolate inoculated in each line were subjected to analysis of variance. Concert TM Plant RNA Reagent (Invitrogen) was used to extract total RNA following the manufacturer recommendations, with modifications. The samples were washed twice with NaCl and chloroform in order to increase the quality of the RNA, and were subsequently treated with DNase using a Turbo DNA-free TM kit (Ambion) to eliminate DNA residues. RNA integrity was checked on a 1% agarose gel and the samples were quantified using NanoVue v2.0.4 4282. Samples with high integrity and purity were used for cDNA synthesis using a High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems). After cDNA synthesis, the samples were stored at -20°C.
The primers used were as follows: PvPGIP1 (F: 5'-CGCCTCACCGGG AAGAT-3'; R: 5'-TGTTCCGAGACAAGTCAACGAA-3'), PvPGIP2 (F: 5'-TTCGACGGCAACCGAATC -3'; R: 5'-TGGTCATCGACGTAAACAGCTT-3'), PvPGIP3 (F: 5'-TCCTTCCCGAAGCATT TCAC-3'; R: 5'-GCGTCGCCGGTATATTGC-3'), and PvPGIP4 (F: 5'-TCCTTCCCGAAGC ATTTCAC-3'; R: 5'-GCCAGCGTCGTCGGAATAT-3'). The fragment sizes were 70, 76, 84, and 106, respectively.
Gene expression was analyzed by quantitative polymerase chain reaction (qPCR) with reactions containing 40 ng cDNA, 1.5 mM each primer, 7.5 µL SYBR ® Green UDG Master Mix with ROX (Invitrogen), and 3 µL autoclaved and double-distilled water, which yielded a final volume of 13.5 µL per sample; technical triplicates were performed for each sample. The qPCR cycling conditions were as follows: 2 min at 50°C, 10 min at 95°C, followed by 40 cycles of 15 s at 95°C and 1 min at 60°C using a Rotor-Gene Kit (Qiagen). The data were confirmed with a melting curve using the Rotor-Gene q Series Software (v.2.1.0). Relative expression was calculated using the 2 -∆∆Ct method (Pfaffl, 2001) , with α-actin (F: 5'-TGCATACGTTGGTGATGAGG-3'; R: 5'-AGCCTTGGGGTTAAGAGGAG-3') and insulin-degrading enzyme (F: 5'-GCAACCAACCTTTCATCAGC-3'; R: 5'-AGAAATGCCTCAACCCTTTG-3') as reference genes.
RESULTS
The experiment was conducted with high selective accuracy ( )
. There were significant differences between lines, isolates, and time points, and the interaction between isolate and time, in white mold severity (P ≤ 0.01) ( Table 1 ). These differences were expected, because both susceptible and resistant lines were included in the experiment, as well as highly aggressive and less aggressive isolates. The isolate x time interaction was significant because of the difference in disease severity between the lines inoculated with a highly aggressive isolate (UFLA 116) and those inoculated with a less aggressive isolate (UFLA 03).
There were no significant interactions between line and time, line and isolate, and line and isolate and time. This indicates that the responses of the lines and isolates were consistent over time, i.e., lines that were more resistant and isolates that were less aggressive exhibited lower severity scores over time. **Significant at the 1% probability level; NS, not significant.
UFLA 03 inoculation resulted in low relative expression levels of all of the PvPGIP genes in all of the genotypes and at all time points, without any significant difference according to the Scott-Knott test at the 5% probability level between treatments, and was therefore inefficient in discriminating between bean genotypes for this gene family. However, UFLA 116 was able to distinguish between at least one treatment for each gene, indicating that all of the PvPGIP genes were differentially expressed and were associated with resistance to white mold, and increased until the third day after inoculation. Cornell 605 exhibited significantly higher PvPGIP1 expression levels at 3 DAI with UFLA 116 than the other lines; there were no other significant differences between the lines (Figure 1 ).
Cornell 605 also exhibited significantly higher PvPGIP2 expression levels at 3 DAI with UFLA 116 than the other lines, with a relative expression level that was approximately 19-fold greater than that of the Corujinha line, which was the largest difference observed for all of the genes. The 84/6 line exhibited significantly higher PvPGIP2 expression levels at 2 DAI with UFLA 116 than the other lines, but were lower than those observed in Cornell 605 at 3 DAI (Figure 2) . Cornell 605 exhibited significantly higher PvPGIP3 expression levels at 3 DAI with UFLA 116 than the other lines, indicating that there was a peak in PvPGIP1, PvPGIP2, and PvPGIP3 expression at 3 DAI and that Cornell 605 was superior to the other lines. PvPGIP3 expression levels in Cornell 605 at 1 and 2 DAI, and in 84/6 at 1 and 3 DAI, were also significantly higher than in the other lines (Figure 3) . PvPGIP4 was more highly expressed in Cornell 605 at 1, 2, and 3 DAI with UFLA 116 than the other lines, confirming the superiority of this line in expressing genes of the PvPGIP family (Figure 4) .
In all of the genotypes, there was a large reduction in relative gene expression at 5 DAI, with levels similar to those observed at 0 DAI, indicating that the genes of this family are only highly expressed during the early stages of disease development and plant defense.
For all of the genes analyzed, the 50/5 line was not significantly different from the susceptible line Corujinha, with low relative expression levels at all time points. The 50/5 line had an overall mean severity value of 2.70 and Corujinha had 3.08, which were not statistically different according to the Scott-Knott test at the 5% probability level. The lowest overall mean was obtained by line 84/6 (2.33), which was not statistically different to the non-adapted source of resistance, Cornell 605 (2.37), which had the highest relative expression level of all of the genes of the family, indicating that 84/6 may be considered a good source of resistance.
DISCUSSION
There is no full physiological resistance to white mold in beans, although some bean lines with partial resistance have been identified (Gonçalves and dos Santos, 2010) . A few commercial lines have been developed by traditional breeding that have satisfactory partial resistance to white mold (Miklas, 2007) . A high level of resistance has been reported in the secondary gene pool, such as in P. coccineus and some Andean lines of P. vulgaris (Myers et al., 2008) .
Although four genes of the PvPGIP family exhibited high genotype sequence similarity (>80%), there was variation in the expression of these genes between the bean genotypes and days after inoculation, suggesting that each gene contributes differently and independently to plant defense. Indeed, there is evidence that these genes can differentially respond to elicitors such as salicylic acid and mechanical injury (D'Ovidio et al., 2004a) . Therefore, at 0 DAI, they were probably already highly expressed, as they were collected 24 h after insertion of the agar disc, which caused mechanical damage in the collection region.
Differential expression of PGIP genes enables the plant to defend itself even under different environmental conditions, and against the attack of various types of PG produced by the pathogen. The effectiveness of PGIP genes in controlling diseases has been demonstrated in a wide variety of organisms, such as fungi, bacteria, and even insects (Kalunke et al., 2015) . PvPGIP2 is the most effective inhibitor of PGs (D'Ovidio et al., 2004a; Manfredini et al., 2005) . This gene exhibited the highest relative expression level after inoculation in the present study. Oliveira et al. (2010) also reported high PvPGIP2 expression in the Pérola bean cultivar, but only at 2 DAI, and there was a decrease in its expression from 3 DAI. Transgenic plants that express PvPGIP2 exhibit a reduction of about 35% in symptoms caused by Botrytis cinerea (Manfredini et al., 2005) , and they exhibit reduced symptoms of Rhizoctonia solani, Phytophthora parasitica var. nicotianae, and Peronospora hyoscyami f. sp tabacina attack (Borras-Hidalgo et al., 2012) , suggesting that this gene plays a key role in plant innate immunity and contributes to basal resistance against different fungal species.
Tomato plants that express PvPGIP1 do not exhibit any increase in resistance to Fusarium oxysporum f. sp lycopersici, B. cinerea, or Alternaria solani, possibly because of the inability of PvPGIP1 to inhibit PGs that are secreted by these fungi (Desiderio et al., 1997) . Mkwaila et al. (2011) identified a QTL for the straw test method using a TW population (Tacana x PI318695) in the Pv02 linkage group near the BM143 marker. The authors suggest that this is the same QTL that was detected in Bunsi/Raven (Ender and Kelly, 2005) and G122/ CO72548 populations (Maxwell et al., 2007) , and designated it WM2.3 BR,GC,TW . According to Soule et al. (2011) , this is the 10th QTL for disease resistance identified in this region, which also contains plant defense genes PGIP, chalcone synthase, and PvPR-2, which are proteins associated with plant defense responses, the genes of which are involved in plant defense against fungal pathogens, so they may be involved in host defense against S. sclerotiorum. Furthermore, QTLs for resistance to blight (Thanatephorus cucumeris) and common bacterial blight are found in the same region (Miklas et al., 2006) .
Although the lines derived from recurrent selection (84/6 and 50/5) exhibit good resistance to white mold by the straw test method as observed in this study and by Leite et al. (2016) , PvPGIP expression levels were still well below those demonstrated by Cornell 605, suggesting that the incorporation of lines with high expression levels of these genes in breeding programs can further improve the resistance levels of lines. Moreover, these genes were only expressed during the first days after inoculation with white mold, and from the fifth day after inoculation, all of the genes exhibited similar relative expression levels.
In general, both in the greenhouse and in the field, breeders perform only one assessment for white mold at 7 DAI, but Viteri et al. (2015) conducted analyses at 7, 14, 21, 28, and 35 DAI, and showed that until 21 DAI there are differences in the resistance of lines, suggesting that in addition to these genes, which are expressed during the early stages of plant defense, there must be genes that are expressed later. In addition, the two resistant lines derived from recurrent selection exhibit similar levels of resistance to that of Cornell 605 (Leite et al., 2016) , although they express PvPGIP genes at a lower intensity. Therefore, other resistance mechanisms have been included in the phenotypic selection of these lines.
Although a high level of PvPGIP expression alone does not prevent white mold infection, it significantly limits the colonization of host tissue, and consequently improves grain yield and quality. Therefore, the cDNA sequences of these genes can be used for the development of molecular markers, which can subsequently be incorporated into recurrent selection programs for resistance to white mold.
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